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We evaluated the clinical applicability of a system for three-dimensional (3-0) display of a perfusion 
map following myocardial contrast echocardiography (MCE). The system was used in 12 patients (9 
males and 3 females, mean age 52 10 years) undergoing interventional treatment of chronic total 
coronary occlusion. I n  each patient three standard apical views were acquired at baseline with soni- 
cated IopamidolR injections into the left coronary artery (LCA) and into the right coronary artery 
(RCA). Following successful recanalization of the occluded artery MCE was repeated. The patients 
tolerated the procedure well. Acquisition of three standard apical views provided suficient informa- 
tion for the reconstruction of 3-Dperfusion maps containing the 16 standard left ventricular (LV) seg- 
ments. Side-by-side display of the perfusion maps obtained following LCA and RCA echocontrast in- 
jections allowed us to classify the myocardial segments (192) into three groups: (1) those supplied by 
one major artery (124); (2) those supplied by collaterals from contralateral or both major arteries (58); 
and (3) segments supplied by none of the major arteries (10). Decreased opacification was observed in 
50 segments of group 2. Following successful intervention we were able to visualize the redistribution 
of blood flow delivered to the LV myocardium by each major coronary artery in 3-0 format. We con- 
clude that this 3-0 approach, which can easily be performed with currently available ultrasound 
equipment, allows a n  estimate of the contribution of each major coronary artery to LV perfusion be- 
fore and after coronary angioplasty. (ECHOCARDIOGRAPm, Volume 14, July 1997) 
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Myocardial contrast echocardiography (MCE) 
is a promising technique for assessment of myo- 
cardial perfixion in patients undergoing percu- 
taneous transluminal coronary angloplasty13 or 
bypass surgery: However, the data provided by 
MCE are limited to one cross-sectional view of 
the left ventricle and do not allow quantitation of 
the myocardial blood flow in the clinical setting. 
It would be desirable to  obtain images compara- 
ble to the three-dimensional (3-D) display of 
myocardial perfusion provided by nuclear imag- 
ing techniques such as single photon emission 
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computed tomography (SPECT). Wee-dimen- 
sional reconstruction using echocardiographic 
images obtained by a rotating ultrasound trans- 
ducer has been used to visualize and quantitate 
the myocardial area at risk during MCE. How- 
ever, as a result of the relatively long image ac- 
quisition time this approach requires injection of 
a deposit echocontrast agent, which stays in the 
myocardium for a long time.5 Currently such an 
agent is not yet available for clinical use. Fur- 
thermore, this approach is not suitable for com- 
parative analysis of contrast opacification in dif- 
ferent myocardial segments due to different time 
intervals between the contrast injection and ac- 
quisition of different myocardial planes. 
To avoid these limitations we developed a 
modified MCE technique with acquisition of 
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several left ventricular (LV) views during mul- 
tiple echocontrast injections into the left coro- 
nary artery (LCA) and the right coronary 
artery (RCA), which allowed 3-D reconstruc- 
tion of myocardial perfusion map using stan- 
dard apical views obtained by transthoracic 
echocardi~graphy.~.~ In this article, we describe 
our initial clinical experience with this tech- 
nique and equipment. 
Methods 
Study Patients 
We studied 12 patients (9 males and 3 fe- 
males, mean age 52 2 10 years) with chronic 
total occlusion of one of the major coronary ar- 
teries (RCA) in ten patients and left anterior de- 
scending artery (LAD) in two patients. Exclu- 
sion criteria were significant stenosis of other 
than the occluded coronary artery and techni- 
cally poor quality of the echocardiogram. Pa- 
tients were selected from a population enrolled 
in a large study at our institution designed to 
determine the feasibility of the treatment of 
chronically occluded coronary artery by laser an- 
gioplasty. All the patients gave informed con- 
sent. Myocardial contrast echocardiography was 
performed after the diagnostic coronary angiog- 
raphy and just before laser angioplasty. 
The echocontrast agent (Sonicated IopamidolR 
[Bracco, Milan, Italy]) prepared by a previously 
described method' was injected into the coro- 
nary arteries. Two-dimensional images were ob- 
tained by a commercially available system 
(Sonos 1500, Hewlett-Packard, Andover, MA, 
USA) with a 2.5-MHz transducer and recorded 
on 1.25-cm VHS video tape. The acquisition of 
the images was started before the echocontrast 
injection (baseline recording). Three apical 
views of the left ventricle (four-chamber, long- 
axis, and two-chamber) were subsequently ob- 
tained. Each view was recorded in real time for 
about 1 minute. In the same way, these views 
were obtained with the injection of 5 mL of 
echocontrast into the RCA in each view. The 
procedure was repeated with the echocontrast 
injections into the LCA. Imaging was continued 
until complete washout of the contrast. Image 
acquisition and injection were then repeated in 
the next view. Thus, a total of six injections of 
echocontrast were performed. The entire proce- 
dure took approximately 6 minutes. 
Coronary angiography, and the same order 
and number of myocardial contrast injections, 
were repeated immmediately after the inter- 
ventional procedure, 
Analysis 
We developed a semiquantitative approach 
similar to the one used in nuclear cardiology for 
analysis. The image analysis and reconstruction 
of 3-D perfusion maps was performed by a dedi- 
cated workstation for contrast echocardiography 
(Axle, The Netherlands). The end-diastolic 
frames from the video recordings were digitized 
and analyzed semiautomatically. The LV myo- 
cardium was divided into 16 segments and the 
intensity in each segment was automatically 
measured and displayed in arbitrary intensity 
units (IUs). In each segment changes in the in- 
tensity were plotted as the time-intensity curve 
and automatically measured. The peak intensi- 
ties automatically measured by the system 
showed an excellent correlation (r = 0.99) with 
the manual measurements of peak intensities 
from the same time-intensity curves (Fig. 1). 
The quantitative data are stored as a dataset 
with quantitative parameters of each myocar- 
dial segment. For rapid visual comparison the 
peak contrast intensity of different segments 
was automatically encoded either in shades of 
gray or color coded. A relative color bar was 
used: dark blue for myocardial regions with the 
lowest intensity increase and white for the re- 
gions with the maximal intensity increase. Us- 
ing this dataset a 3-D perfusion map of the left 
ventricle was constructed and displayed (Fig. 
2). The color scheme (or gray scale) in each pa- 
tient is the same, however, the absolute num- 
bers are different. The minimal intensity in- 
crease in all the instances is displayed as dark 
blue (or black), but the actual measured con- 
trast opacification in the intensity units is dif- 
ferent in each patient as shown by the num- 
bers along the bars (Figs. 3 and 4). The relative 
intensity units allow comparison of different 
regions with different intensities. Values be- 
low 5 IUs are not considered to be caused by 
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Figure 1. There was a n  excellent correlation be- 
tween the measurements of maximal contrast inten- 
sity increase (in relative intensity level units) ob- 
tained manually (by manually driven cursor) and au- 
tomatically from the same time-intensity curves with 
the intracoronary injections of sonicated Iopamidol. 
the contrast injections, but reflect small fluctu- 
ations in the background intensity. Peak in- 
tensities of the different groups of segments 
were compared by the Student's t-test. 
Results and Illustrative Cases 
A 16-segment 3-D color-coded perfusion map 
of the LCA and RCA injections in each patient 
were reconstructed by the workstation and dis- 
played side by side for comparative assess- 
ment. A representative example of LV 3-D per- 
fusion maps in a patient with chronic LAD oc- 
clusion are shown in Figures 3a and 3b. 
Figure 3a was obtained after the LCA MCE 
injection. The anterior and anterolateral walls 
were not perfused, but the posterolateral walls 
(segment 5,9,  and 10) are perfused by the LCA 
and, partially, by the left circumflex artery. 
Perfusion of the anterior and anterolateral 
walls was visualized after the RCA injection. 
Thus, perfusion of the LAD territory is com- 
pletely performed by the RCA in this patient 
with an LAD occlusion. 
Dark blue areas show the segments with 
lower opacification, while the bright pink, yel- 
low, and white segments represent the areas 
with a higher opacification level. In this pa- 
tient the RCA supplies a significant part of the 
left ventricle, providing collaterals to  the ante- 
rior and lateral free walls and the interventric- 
ular septum (Fig. 3b). The apical segments 
were not opacified by neither the LCA nor the 
RCA. These findings suggested that the apical 
part of the left ventricle is not viable. 
Figures 3c and 3d show 3-D perfusion maps 
obtained in another patient with chronic RCA 
occlusion. The reconstructed image following 
RCA echocontrast injection (Fig. 3d) shows 
minimal intensity increase due to the fluctua- 
tions in the baseline intensity of the ultra- 
sound image without any significant myocardial 
opacification (see also analysis paragraph). 
However, the LCA echocontrast injection (Fig. 
3c) completely opacified the LV myocardium; 
the highest intensity increase was in the ante- 
rior wall and interventricular septum and the 
lowest was in the posterior and inferior walls 
supplied by collaterals from the LCA. 
Such a side-by-side display of RCA and LCA 
injections allowed classification of all the myo- 
cardial segments in 12 patients (totally 192 
supplied by segments) into three groups sup- 
plied by: (1) one major artery (124); (2) seg- 
ments supplied by collaterals from contralat- 
era1 or both major arteries (58); and (3) seg- 
ments not supplied by one of the major 
coronary arteries and were considered as non- 
viable segments (10). Following the echocon- 
trast injection the intensity increase measured 
in group 1 of the segments supplied by a nor- 
mal coronary artery was 45.4 k 13.5 relative 
IUs, while in group 2 of the collateralized seg- 
ments subtended by an occluded coronary 
artery it was only 31.4 f 14.8 IU. The collater- 
alized segments presented on a 3-D color-coded 
map as areas with decreased perfusion if com- 
pared with the segments supplied by a normal 
coronary artery (P < 0.001). 
Reconstruction of the LCA and the RCA per- 
fusion maps by 3-D MCE allowed an estima- 
tion of the contribution of each major coronary 
artery to  the perfusion of the LV myocardium 
and assessment of the source and level of per- 
fusion of each of 16 LV segments. 
Myocardial contrast echocardiography and 
reconstruction of 3-D perfusion maps were re- 
peated after the recanalization procedure. Fig- 
ures 4a and 4b represent 3-D perfusion images 
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Figure 2. The color coding (A) or 
gray scale coding (B) of myocardium 
is performed according to the relative 
bar. The lowest parameter  value (in- 
tensity increase here) is dark blue or 
black, the highest  is yellow or white.  
Figure 3. Three-dimensional (3-0) perfusion maps of the left ventricle in the patients with totally occluded left anterior de- 
scending (LAD) (a,bj and right coronary artery (RCA) (c,d). Anterior and posterior uiews of the left ventricle are displayed to- 
gether following the same echocontrast injection. The images were obtained with echocontrast injections into the left coronary 
artery (LCA) (a,c) and the RCA (b,d). AW = anterior wall of the left ventricle; FW = free wall of the left ventricle; N S a  = an- 
terior part of the interventricular septum; N S p  = posterior part of  the interventricular septum; PW = posterior wall of the left 
ventricle. The numbers indicate the location of the respective standard myocardial segments. (a) LCA injection in  the patient 
with LAD occlusion a perfusion defect could be observed in the anterior wall, anterior part of interventricular septum, and 
apex. (b) RCA injection in  the same patient with LAD occlusion shows that part of the anterior wall, free wall, and the ante- 
rior part of interventricular septum are supplied by collaterals from the RCA. Side-by-side assessment of the LCA (a) and 
RCA (bl injection allowed to observance of the absence of opacification by either artery in the apex, which was not viable. [cj 
In  the patient with RCA occlusion, LCA injection opacifies the entire left ventricle. Low intensity increase is observed in the 
inferior and posterior walls, which are supplied by a relatively poor collateral flow. Contrast opacification of the anterior wall 
and the anterior part of interventricular septum is bright and normal. (d) RCA injection in the same patient with RCA oc- 
clusion shows only minimal intensity increase (up to 5 IUs according to the color bar), which reflect the small fluctuations in 
the baseline intensity of the ultrasound image without any significant myocardial opacification 
Figure 4. Three-dimensional (3-D) perfusion maps obtained following successful opening of the left 
anterior descending artery (LAD) (a,b) and right coronary artery (RCA) (c,d) occlusions. The echocon- 
trust injections were performed into the left coronary artery (LCA) (a,c) and into the RCA (b,d). (a) 
Following the successful opening of the LAD, LCA supplied the anterior wall, free wall, and the an- 
terior part of interventricular septum (compare with Fig. 3a obtained in the same patient before the 
intervention). (b) Three-dimensional image of the RCA injection in the same patient shows amelio- 
ration of collateral flow from the RCA to the anterior wall, and the anterior part of interventricular 
septum (compare with Fig. 3b). (c) In  a patient with successfully treated RCA occlusion LCA injec- 
tion shows significantly decreased collateral flow to the posterior and the inferior walls (compare 
with Fig. 312). Id) In  the same patient the RCA after the intervention supplies the inferior and the pos- 
terior walls. The established antegrade flow provides bright opacification (compare with Fig. 3d). 
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after recanalization of the LAD occlusion (com- 
pare with the images obtained in the same pa- 
tient before the intervention, Figs. 3a and 3b). 
RCA injection showed amelioration of collat- 
eral flow to the anterior wall and the anterior 
part of the interventricular septum. 
Figures 4c and 4d show representative exam- 
ples of 3-D LV perfusion maps in a patient fol- 
lowing a successful recanalization of RCA occlu- 
sion (compared with the 3-D perfusion maps re- 
constructed before the treatment, Fig. 3d). 
Collateral flow from the LCA to the posterior and 
inferior walls significantly decreased. The ante- 
grade flow delivered to these walls by the RCA 
provides bright opacification. In the ten patients 
with RCA occlusion 2% of the LV segments 
changed their supply from LCA to RCA after suc- 
cessful opening of the RCA, and 17% of segments 
were still perfused from the RCA while collateral 
supply from the LCA still was seen. 
In the patients with LAD occlusion, 25% of all 
the LV segments changed their supply from 
RCA to LCA and 18% received the flow both 
from LCA and RCA after the recanalization pro- 
cedure. Thus, 3-D perfusion maps allowed ob- 
servation of the redistribution of myocardial per- 
fusion following the interventional treatment. 
After the successful recanalization of the oc- 
cluded artery the peak intensity in the seg- 
ments, which obtained the blood from the 
opened artery, showed mean increase by 7.3 IUs 
compared to the opacification of these segments 
before the interventional treatment (P < 0.05). 
Discussion 
Three-dimensional perfusion mapping by 
MCE has potential for assessment of myocar- 
dial viability and ischemia since the presence, 
site, and extent of myocardial perfusion abnor- 
malities can be evaluated. 
Previous studies have shown that myocar- 
dial viability can be predicted by defining the 
areas of preserved microvascular integrity as 
assessed by MCE.g~lo The method as described 
in the present study allows detection of seg- 
ments, which do not opacify following contrast 
injection into the LCA or the RCA. These find- 
ings therefore suggest that these segments 
have no detectable microvascular perfusion. 
We utilized a minimal number of LV views 
(three standard apical views) including the 16 
standard LV segments as comparable to  analy- 
sis done for stress echocardiography.'l More 
views would allow reconstruction of 3-D perfu- 
sion maps with more precise delineation of 
myocardial segments but at significant pro- 
longed acquisition times. 
The dataset of 3-D perfusion maps in the Axle 
workstation contains complete information 
about the contrast washin and washout in each 
myocardial segment. Due to full processing of 
the time-intensity curves the peak and time of 
peak intensity are always correctly identified, 
as are the other relevant quantitative parame- 
ters such as area under the time-intensity 
curve, contrast washout half-time, etc. The re- 
sults of this complex analysis are automatically 
displayed as a set of 3-D maps representing rel- 
ative perfusion of each myocardial segment. 
The voxel or volume recording technique pro- 
vides a different presentation of 3-D perfusion 
based on a number of sequential LV views ac- 
quired by a rotating ultrasound tran~ducer.~ 
Due to the fact that each of the views is ob- 
tained by the transducer at different time in- 
tervals after the echocontrast injection this 
technique cannot be utilized to study the tim- 
ing of peak intensity. This limitation holds true 
also for the other parameters of the time inten- 
sity curves. Three-dimensional MCE is a feasi- 
ble and attractive alternative method for perfu- 
sion imaging during cardiac catheterization. 
The other perfusion imaging techniques 
such as thallium-201 imaging (SPECT) and po- 
sition emission tomography (PET) use nuclear 
cameras, which lack the versatility of ultra- 
sound  machine^.'^-'^ In addition, thallium scans 
sometimes have to be repeated several times. 
However, PET gives specific information about 
myocardial flow and metabolism but at an in- 
creased cost. Also PET is not widely available. 
Current Limitations of the Method 
If the backscatter ultrasound signals are dis- 
played in intensities these signals are signifi- 
cantly influenced by electronic signal process- 
ing. lfi Attenuation and poor lateral resolution 
in the original ultrasound images may signifi- 
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cantly influence analysis. On the other hand, 
hyperemiaI6 may also increase the backscatter 
ultrasound intensities. 
Thus, equipment characteristics and biological 
factors may influence MCE images. These limita- 
tions must be taken into account for the analysis. 
Conclusion 
Current advances in image analysis technol- 
ogy suggest that 3-D myocardial perfusion 
mapping with contrast echocardiography may 
be applied clinically. The instrumentation and 
technique utilized in this study can be readily 
used in a clinical setting during cardiac 
catheterization and interventional procedures. 
Comparative assessment of 3-D myocardial 
perfusion maps obtained in patients after LCA 
and RCA echocontrast injections allows an es- 
timation of the relative contribution of each 
major coronary artery to LV myocardial perfu- 
sion. In the present study MCE in 3-D also al- 
lowed observation of the redistribution of myo- 
cardial perfusion following a successful inter- 
vention. Further studies are required to  
validate the results of 3-D myocardial perfu- 
sion mapping with contrast echocardiography 
and to determine its clinical usefulness. 
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